ABSTRACT
Introduction
Grid computing has become increasingly important in recent years with ever increasing demand of computing and storage resources [1] .
Sharing, selection and collection of geographically distributed resources such as super computers, storage systems, data resources and specialized devices are made possible by grid network for solving large-scale resource-intensive problems in science, engineering and commerce. Organizations that are looking for extremely high computing power for short periods of time, but which do not necessarily want to invest further in their own computing resources are finding grid computing as an attractive alternative. Several large firms such as IBM, Unilever, Ericsson and Hitachi are investing large sums of money in developing grid computing initiatives [2] .
The idea of creating a grid to share resources which seems to be very intuitive now was originally borrowed from electrical power grid. In the mid-1990 scientists began to explore the design and development of an infrastructure which was analogous to electric grid due to its pervasiveness, ease of use and reliability [3] . The motivation for computational grids was initially driven by large scale, resource-intensive (computational and data) scientific applications that require more power than a single computer (PC, workstation, supercomputer, or cluster) [1] .
In most grid projects, the connected PCs are generally made available at no cost. Indeed it serves the needs of research projects requiring huge computing power. However, economic theory tells us that if prices are set in a fair manner between the provider and the user of the service, this should lead to an optimal allocation of resources. For users, the value of a grid is higher than its accounting value. Indeed, the grid offers more than software and hardware: it offers a service. In practice, the pricing of services is mainly based on the cost structure, which does not take into account the real value provided to the client.
In this paper, we propose an original mechanism that provides an optimal resource allocation without involving cash exchanges. We propose a pricing scheme where the service is segmented according to the notion of priority level. The optimal prices of the different services are obtained by solving a Markov Decision Process (MDP). Each participant receives a credit that is proportional to its contribution that enables her/him to have access to services proposed by the grid. This paper is organized as follows. In Section 2, we present the particular nature of grid pricing services. In Section 3, we explain notions of market based resources in the context of shared grid computing. In Section 4, we present the pricing model using priority segmentation. In Section 5, we illustrate our model with a simple instance and present numerical results. Finally, in Section 6, we indicate further research directions.
Service Proposal and Pricing for Grid Users
What could be done for pricing grid services? Most of the pricing techniques applied to the service sector are devoted to service commodities like airplane seats or hotel rooms. Service activities are traditionally described with the help of the IHIP paradigm (intangibility, heterogeneity, instantaneity and perishability). Intangibility and heterogeneity make the pricing scheme not easy to model services. The pricing of a service relies upon three pillars: internal organizational costs, the competitors' prices and the perceived value by the customers. In this research, we focus our attention on the latter, i.e. the value perceived by the customers in the service experience.
As a matter of fact the question of pricing is essential to analyzing the system of service production. Pricing directly impacts how the service is positioned, and influences equally how clients and coproducers will interact. The paradigm of the price/quantity economic model can not be fully realized in the service world, however. Quantity is replaced by the idea of value perception, which naturally impacts the conventional production model.
Grid services fall in the category of knowledge based services. Consequently, a service plan based on knowhow and expertise depends on the following: a thorough and clear understanding of the needs and expectations of clients, the ability to elaborate a diagnosis of client needs from limited information, the outline of a specific service proposal, the efficient use of delivery processes and of existing products (or product modules), and finally a custom-made solution that incorporates perceived valueadded (often referred to as problem resolution).
Very often, delivering more value in the knowledgebased services means delivering more tangibility and more customization. Customization has been defined as the ability of the service delivery system and its employees to attend flexibly to customer needs [4] . Customization may also induce more risky operations as services would become inherently variable in how they are conducted, and according to [5] , it is to be expected that problems will occur. Therefore, how to make attractive and price service operations that increase tangibility and customization for the customer while reducing (or maintaining) the complexity of managing real heterogeneity?
In recent research, we are exploring the potential pricing schemes that could be established and the relevant criteria that should be used to determine a fair price in the context of grid services taking into account the point of views of providers and consumers of knowledge-based services. To answer to this question, we must develop a grid service model based on the main attributes (also called salient attributes of the service in the share of choice model terminology [6] ) as perceived by the user. In our case, we could retained several attributes such as the capacity made available to the user (three formatssmall, medium and large), the proper priority management of jobs executed (the objective that is to be retained in the model presented hereafter), or reporting relevant information to the users. In this paper we will assume that priority management is a salient attribute of grid services, which is perceived as important in terms of value. However it is clear that in a subsequent research, we need to investigate through survey techniques what represent the most important salient attributes for grid users.
In this project, we intend to develop a pricing scheme based on the perceived value by the user of an actual grid application. This contribution is based on interdisciplinary research. Indeed, our pricing model essentially borrows academic findings arising from Marketing and Service Science. The solution relies on a number of different fields: Operations Research, Game Theory and Negotiation Theory. We can consider three cases that are relevant for different situations: 1. the grid is managed by a central agency, 2. the actors in the grid are competing without cooperation, 3. the actors in the grid are competing but cooperation is possible.
In this paper, we will solely tackle the case where the grid is managed by a central agency. For instance, we have already explored the shadow prices approach through an optimization problem called the share of choice model [6] . This latter model attempted to optimize the design of a service by selecting its attributes according to the perceived value of a sample of clients. Perceived values were expressed as utility functions obtained from conjoint analysis. Conjoint analysis techniques permit the construction of path-worth or utility functions for each respondent regarding the different attributes of the service.
Regarding what has been presented, our goal is to compute a price for the utilization of the resources such as CPU, RAM, bandwidth, libraries, etc. However, the price will be differentiated as a function of the quality of the service (in particular, privileged users that can have priority for their jobs) and also as a function of the level of demand (different prices for rush hours and off-peak hours).
Market Based Resource Management
There has been extensive research on how to manage the resources in an efficient way, optimize its usage, balance the load and reach maximum user satisfaction. Sharing resources fairly with economic efficiency, where efficiency can be defined as ratio of the actual total benefit for all users to optimal total benefit, at a low cost still remains a challenge [7] . The fact that consumers have different goals, preferences and policy further adds to the complexity of resources management [8] . Software agents such as automatic scheduling programs and negotiation agents can play an essential role in realizing this vision of the grid. Numerous economic models for grid resource management such as commodity market models, auction, contract-net/tendering models, bargaining models, posted price models, bid-based proportional resource sharing models, cooperative bartering models, and monopoly and oligopoly had been proposed in the literature [9] . While some of the more commonly referenced work focused on commodity markets, auctions and fixed budget based marketing mechanism for the resource management [10] , auctioning has long been an important aspect of many economies. Indeed, it provides a fair trading environment as a decentralized structure, are easier to implement than other economic models and respect the autonomy of resource owners [11] . In Another variant of auctioning fixed budget mechanism efficiency and fairness of the allocation of resources at equilibrium is evaluated through the measures of "utility uniformity" and "envy-freshness". The grid resource allocation model is based on Continuous Double Auctions (CDA). Different scheduling strategies have been analyzed which can be applied by the user to execute workflows in such an environment, and try to identify the general behavioral patterns that can lead to a fast and cheap workflow execution [12] .
In history based pricing model consumers and producers determine their bid and Ask prices using a sophisticated history-based dynamic pricing strategy and the auctioneer follows a discriminatory pricing policy which sets the transaction price individually for each matched buyer-seller pair. The pricing strategy presented generally simulates human intelligence in order to define a logical price by local analysis of the previous trade cases. Here the authors employ a continuous double auction protocol as an economic-based approach to allocate idle processing resources among the demanding nodes [13] .
In the economic model the center point is the interaction between grid users and providers. While most market models have been based on auctions, commodity market models have also been interesting research topic. Markets are considered to be based on commodity where applications can treat computational and storage resources as interchangeable and not as specific machines and disk systems. Obviously, prices are a key element of this model [14] [15] [16] .
An alternative approach to market based and economy based models is finance based model. Various grid resources such as memory, storage, software, and compute cycles are seen as individual commodities and pricing of the resources is done in isolation and in combination of various resources. A quality of service (QoS)-profit equilibrium model has been proposed for pricing grid resources that is based on finance concepts [17] .
Two shortcomings in a grid economic environment have been identified in [18] . The first shortcoming is that there are no standards for pricing schemes, caused by a large difference in the units that are traded (e.g. CPU cycles or virtual clusters) in grid computing. The second shortcoming is the lack of models for managing the pricing of intangible elements (e.g. software applications) and computational elements (e.g. virtual machines, which comprise resources such as CPU, memory, disk space, network bandwidth).
A Pricing Scheme Adapted to the Particular Nature of Grid Services
This paper further presents a pricing service for grid computing services, which resolves these shortcomings by introducing a general pricing scheme for informational and computational elements. We describe the functional requirements, architecture, and the interfaces of the pricing service. The pricing service allows expressing the proposed general pricing scheme as an XML document, which can be linked to the Service Level Agreements (SLA). Contrary to other proposals on pricing, the pricing service is separated from the functionality of metering, accounting, and payment. Various kinds of solutions to grid resource discovery have been suggested, including centralized and hierarchical information server approaches. However, both of these approaches have serious limitations in regard to scalability, fault tolerance, and network congestion. To overcome these limitations, indexing resource information using a decentralized, for instance peer to peer, network model has been actively proposed in the past few years [19] .
A new infrastructure called Grid Bank provides services for accounting of the grid resources thus filling the gap of these needed services. The support of computational economy and accounting services can lead to a self-regulated accountability in grid computing. This paper presents requirements of grid accounting and different economic models within which it can operate and proposes a Grid Accounting Services Architecture to meet them [20] .
Practically, we intend to focus on a particular salient attribute of typical grid services which represents in our case an intangible element of perceived value by the user. This makes our approach original compared to previous papers on grid pricing. The salient attribute developed in our model corresponds to the idea that priorities of jobs executed on the grid are most of the time satisfied. Indeed services provide users with benefits that are perceived with more or less value. Consequently, we assume that the management of priorities in the execution of jobs is perceived as an important element of value. In logistic terms, the quality of this management corresponds in the model to our service level. To be able to obtain a pricing strategy leading to the best priority management of jobs executed, we have developed a mathematical programming model. It aims at minimizing inconveniences due to mismanagement of priorities while taking into account grid capacity constraints. As probabilities of a given job being put "on hold" exist, we treat capacity constraints of the grid as a Markov Decision Process (MDP). In the following section, we present the detailed model that we have developed for illustrative purposes.
The Model

Description of the Model
The grid is shared by U different users described by the variable u = 1, ..., U. The jobs are classified in J different categories according to the level of urgency. Categories are described by the variable j = 1, ..., J. Category j = 1 includes very urgent jobs and category j = J includes job that are not urgent at all. The grid can process jobs with P different priority levels. The highest priority is p = 1 whereas the lowest priority is p = P.
For each user, jobs arrive randomly following an exponential distribution. Let ju  be the parameter of the distribution for the job's category j and for user u. The job's size is random and follows also an exponential distribution. Let ju  be the parameter of the distribution for the job's category j and for user u.
Each user is rewarded at each period with a certain amount of monetary units that permits him to pay the services provided by the grid. Let u  be the amount received at each period by user u. This repartition should reflect the contribution of user u to the grid (i.e. number of computers, IT specialist, etc. offered by user u to the grid's community).
The services provided by the grid are charged according to the CPU time used and priority level p requested. Let p  be the price per CPU time for jobs with priority p.
The objective of the grid manager is to provide the best service to the users with the actual capacity of the grid. The service quality is measured by a penalty function, the lowest the function the highest the quality. This function increases each time a job is not completed on time. This function can, for example, measure the percentage of jobs done with a delay. The grid manager has to find the optimal prices p  in order to have the lowest penalty function.
The objective of the user is to minimize its own penalty function choosing the right priority for each job. They are two possible actions for a user. Firstly, when a new job arrives he has to decide which level of priority will be chosen. Secondly, when a job is in the queue, he can decide to change the level of priority of the job. Of course each decision is taken knowing the load of work of the grid. The set of all possible actions is denoted with A.
The Model's Equations
This model is described by a MDP where budget constraints are added. The only possibility to solve this enriched MDP is to use the linear programming approach. Value iteration or policy iteration algorithms are not adequate for this enriched MDP.
At this point, we must say that the description of the selfish behavior of each user should be done using Nash equilibrium rather than a MDP. However, this would conduct to a stochastic variational inequality that is very difficult to solve. In order to mimic the selfish behavior, additional constraints are included in the MDP model. . It is important to realize that the main difficulty in modeling a MDP is to compute its generator. For example, the capacity constraints of the grid are included in the generator. Modeling capacity constraint in a MDP model is less intuitive than modeling capacity constraints in a linear programming model. 
if policy a is implemented when the state is s (otherwise ). Note that random policies could be possible. In this case we have
As S has to be finite, we impose reflection conditions on the boundaries. The interested readers can find a detailed description of the modeling methods offered by the MDP paradigm in [21] and [22] . 
Numerical Illustration
The aim of this illustration is to present a numerical application of the general model. Our goal is just to show the efficiency and implementability of the method. We have thus on purpose simplified it. In this small model, we assume to have two categories of jobs: urgent and not urgent ones. We have two kinds of priorities: high and low priority.
This model attempts to describe users that need a huge number of computers for running their jobs. In this example we suppose that each job need the third of the grid resources. This means that maximum three jobs can be processed simultaneously without congestion. In case of congestion, jobs with high priority are processed first. If there are more than 3 jobs with high priority, the last coming jobs are sending in the queue. Doing so, jobs are always processed at full speed or send in the queue.
For this numerical illustration, we assume to have two different kinds of users. The first kind of users expect a lot of urgent jobs that are on average small whereas the second users expect less urgent jobs that are on average big.
In this numerical experiment the objective is to maximize the service level, which is the percentage of jobs that are done without delay. Table 1 indicates the main parameters employed in the instance developed for the model presented in the previous section. The model was written in AMPL and solved with the software MOSEK. We see distinctly that the price policy has an effect on the service level. Indeed, choosing the right prices permits the community to avoid wasting the resources and as a consequence to increase the service quality. In this example, the maximal service level can be attained with several price policies. More than the results, this small model show the applicability of this method.
However, we must emphasize that MDPs are subject to the "curse of dimensionality". For bigger models, the state's set S can become too big. In this case it is necessary to reduce the size of the model, applying, for instance, a decomposition and parallel processing method [23] .
Conclusions and Future Research
In this paper, we propose a new approach to share optimally the resources of a grid of computers. This approach is based on a segmentation of the service where different prices are computed using an enriched MDP model. The method is versatile and can be adapted to numerous problems. Here, the service is segmented accor- ding to the priority level. The service level corresponds to the percentage of jobs executed without delay, but it could be any other kind of utility functions. As a matter of fact, we have also implemented a more comprehensive model where the service is segmented according to the quality of the computers (speed and size of the memory). Stochastic models described with MDPs can have a huge size and therefore very difficult to solve. A solution to this problem consists of applying a decomposition and parallel processing method. The structure of the MDP could be exploited to decompose the model into U (i.e. the number of users) smaller single user models. These U smaller models are then linked together with a coupling linear program.
As we mentioned earlier, the selfish behavior of each user is mimic including in the MDP model additional constraints. Unfortunately, this way of doing is only an approximation. To perfectly describe this behavior, we should incorporate in the model game theory. The model should be described by a Nash equilibrium rather than a MDP. However, this would lead to a stochastic variational inequality that can be challenging to solve.
